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ABSTRACT 

 
 In this paper, we present the first published repeatability study of commercial harmonic 
phase standards (HPS) measured by a nonlinear vector network analyzer. Specifically, we 
measure two harmonic phase standards, one of which is specified to 20 GHz and the other to 50 
GHz. By performing 5 calibrations and making 100 measurements from 600 MHz to 19.8 GHz 
at each calibration, we determine the repeatability bounds for the complex wave-variable vectors 
and associated phases and magnitudes of each harmonic component. We also compare the mean 
phase values to those supplied by the manufacturer. While we achieve standard uncertainties of 
no greater than 0.73˚, we find significant variations in the mean values with changing HPS 
conditions and show evidence of a substantial thermal contribution.  
 

I. INTRODUCTION 
 

A class of instruments known as nonlinear vector network analyzers (NVNA) are capable 
of characterizing nonlinear devices under realistic, large-signal operating conditions [1, 2]. To do 
this, complex traveling waves are measured at the ports of a device not only at the stimulus 
frequency (or frequencies), but also at other frequencies that are part of the large-signal response. 
Assuming the source signals are single-frequency time-harmonic waves and the device exhibits 
neither sub-harmonic nor chaotic behavior, the forward and reverse waves measured at the 
device boundaries will be combinations of the source signals, due to the nonlinearity of the 
device in conjunction with impedance mismatches between the system and the device. If a single 
excitation frequency is present, new frequency components may appear at all harmonics of the 
excitation frequency, and if multiple excitation frequencies are present, new frequency 
components may appear at the intermodulation products as well. 

 
To capture this type of large-signal behavior, the calibration of a commercial NVNA 

consists of three steps: a relative calibration that is identical to that used in a linear vector 
network analyzer, an amplitude calibration that makes use of a power meter, and a phase 
distortion calibration that makes use of a harmonic phase standard. All are performed on a 
frequency grid related to the source tones and the anticipated nonlinear response of the device. 
 
 
______________________________________________________________ 
* Work of an agency of the U.S. Government. Not subject to U.S. Copyright. 



 
The commercial harmonic phase standard (HPS), the main components of which are a 

power amplifier and a step recovery diode, is driven at a fundamental frequency and produces a 
harmonic series output signal. The HPS, which is used as a transfer standard, is characterized by 
a sampling oscilloscope, which in turn is characterized by a nose-to-nose calibration [3]. In this 
way we transfer the phase-dispersion calibration of an oscilloscope to “knowing” the phase 
relationship of each harmonic of the phase standard output signal. 

 
In this paper, we present the first published repeatability study of commercial harmonic 

phase standards measured by an NVNA. We measure two harmonic phase standards, one of 
which is specified to 20 GHz and the other to 50 GHz. By performing multiple measurements 
and utilizing the propagation-of-errors method, we determine the repeatability bounds for the 
complex wave-variable vectors and associated phases and magnitudes of each harmonic 
component. We compare our mean values to those supplied by the manufacturer. Upon finding 
significant time variations in our data, we also study the possibility of warm-up drift in the two 
devices.  
 

II. REPEATED CALIBRATIONS 
 

Our repeatability study consisted of measuring two commercial harmonic phase standards 
(HPS), one of which is specified to 20 GHz and the other to 50 GHz. In our first set of 
experiments, we performed five back-to-back coaxial Open-Short-Load-Thru (OSLT) 
calibrations on the NVNA from 600 MHz to 19.8 GHz in steps of 600 MHz and used the 20 GHz 
harmonic phase standard for the phase dispersion calibration. We then made 100 repeated 
measurements of both harmonic phase standards at each calibration.   
 

Figure 1 contains scatter plots of 100 measured values of b1 at 0.6, 6, 12, and 18 GHz for 
the 20 GHz HPS using the first calibration. At 600 MHz, all of the measurements lie along a 
diagonal line. The reason for this is that the commercial system software aligns the measured 
signals by adjusting the phase of the fundamental frequency waves so that the fundamental is 
always set to a prescribed value at a specified port. In this case, we chose 151.88˚ at port 1 since 
the manufacturer chose this phase reference for the values they provided. Doing so allows us to 
easily compare our measured values to theirs. Figure 2 contains scatter plots of 100 measured 
values at the same frequencies for the 50 GHz HPS using the first calibration. Figures 1 and 2 
reveal that the 20 GHz HPS appears to be slightly less noisy than the 50 GHz device. Note that 
on Figure 1, the vertical and horizontal axes span 0.001 V, while on Figure 2, they span 0.002 V. 
Also note the apparent correlation between the real and imaginary components at some of the 
harmonics. (We will discuss this later.) The scatter for both devices appears to increase 
somewhat as a function of frequency, but not dramatically so. As the magnitudes decrease with 
frequency, we anticipate the variation in the phase to increase more as a result of decreasing 
signal-to-noise than as a result of increased scatter in the complex-wave variables. Note that in 
all figures and tables the measured quantities are reported as ‘b1.’ This is because the harmonic 
phase standards are connected to port 1 and we are measuring the outgoing wave b in units of 
peak voltage divided by 2. Furthermore, the measured values of b1 are corrected to account for 
the reflection coefficients of the devices. These corrections, however, have a very small effect in 
our well-matched system.  
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Figure 1. Scatter plots of 100 measured values of b1 at 0.6, 6, 12, and 18 GHz for one calibration 
made on the 20 GHz Harmonic Phase Standard. 
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Figure 2. Scatter plots of 100 measured values of b1 at 0.6, 6, 12, and 18 GHz for one calibration 
made on the 50 GHz Harmonic Phase Standard. 



Figures 3-6 show the magnitudes and phases of the 100 measured values for each of the 
five calibrations for the 20 GHz HPS, and Figures 7-8 show the magnitudes and phases of the 
100 measured values at each of the five calibrations for the 50 GHz HPS. These figures illustrate 
how the devices vary with repeated measurements and calibrations.  In general, the variations in 
the magnitudes and phases increase as the frequency increases for both devices, due to the 
respective decreasing signal-to-noise ratios.  

 
Referring to Figure 5, we see that the measured phase angles for the 20 GHz HPS vary by 

up to 15.32˚ at 18 GHz for a single calibration. Here, we also see that the phase angles measured 
with the first calibration are markedly different from those measured in the subsequent 
calibrations. There is also significant drift from calibration to calibration. This is apparent in 
Figure 6, where we plot the phase angles of the 100 measured values consecutively at 18 GHz 
for each of the five calibrations. In this plot, we also see evidence of drift as a function of time 
within each calibration. 

 
III. STATISTICAL ANALYSIS 

 
 To get a more quantitative perspective, we conduct some basic statistical uncertainty 
analyses on our data. Since we are interested in the magnitudes and phase angles of the complex 
traveling wave variables, rather than the real and imaginary components, we utilize the 
propagation-of-errors (POE) method. Specifically, the formula  
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is used to calculate the approximate variance for a function z = g(x,y) of two measurement results 
x and y [4]. (In our case x and y correspond to the real and imaginary components of b1). The 
third term on the right side of the Equation (1) is necessary in situations where the x and y 
measurements may not be statistically independent. Since our commercial system software aligns 
the measured signals by adjusting the phase of the fundamental frequency waves so that the 
fundamental is always set to a prescribed value at a specified port, it is likely that the real and 
imaginary components of b1 are not completely independent after the phase alignment. We have, 
in fact, calculated correlation coefficients for our data and seen that they do contain low to 
moderate correlations. Furthermore, the phase alignment can affect the distributions of our 
measured data. So even if we begin with normally distributed data, it does not necessarily remain 
so after the phase alignment. Figure 9 shows a simple simulation we performed to illustrate this 
phenomenon using multiple measurements of signals at the fundamental frequency and the 
second harmonic. In Figure 9 (a), we simply rotate the phase of the fundamental signals by 45˚ 
and the second harmonic signals by a corresponding 90˚, which preserves the distributions. In 
Figure 9 (b), however, we rotate the phase of the fundamental signals to align them each to 0˚, 
like is done in our commercial system software, which causes the distribution of the second-
harmonic signals to be skewed. We use equation (1) since it is useful even in the presence of the 
phase alignment that is performed on our measurements. 
 

Particular formulas for calculating the POE standard deviations of our measured 
magnitudes and phase angles are presented below. If 
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Figure 3. Magnitudes of the 100 measured values for each of the five calibrations along with the 
manufacturer’s values for the 20 GHz Harmonic Phase Standard. 
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Figure 4. Phase angles of the 100 measured values for each of the five calibrations along with 
the manufacturer’s values for the 20 GHz Harmonic Phase Standard. 
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Figure 5. A closer view of the data presented in Figure 4. Phase angles of the 100 measured 
values for each of the five calibrations are shown along with the manufacturer’s values for the 20 
GHz Harmonic Phase Standard. 
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Figure 6. Phase angles of the 100 measured values at 18 GHz for each of the five calibrations 
made on the 20 GHz Harmonic Phase Standard. 
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Figure 7. Magnitudes of the 100 measured values for each of the five calibrations along with the 
manufacturer’s values for the 50 GHz Harmonic Phase Standard. 
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Figure 8. Phase angles of the 100 measured values for each of the five calibrations along with 
the manufacturer’s values for the 50 GHz Harmonic Phase Standard. 
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Figure 9. (a) Rotating the phase of the fundamental signals by 45˚ and the second harmonic 
signals by a corresponding 90˚ preserves the distributions. (b) Rotating the phase of the 
fundamental signals to align them each to 0˚ skews the distribution of the second-harmonic 
signals.   
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denotes the ith measurement of a complex-valued quantity, where  i = 1, … N, then we can define 
X as the mean of the xi’s, Y as the mean of the of the yi’s, Sx as the sample standard deviation of 
the of the xi’s, Sy as the sample standard deviation of the yi’s, and ρ as the sample correlation 
coefficient of the xi’s to the yi’s [4].  
 

If we let  

                                                                  22 YXM +=                                                           (3) 

be our estimate of the magnitude, then the sample standard deviation of the magnitude SM can be 
calculated from the POE method, shown in equation (1), as 
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In addition, if we want the expanded uncertainty with 95% confidence, we can easily calculate it 
as 

                                                                 ,975.0,1 MN StM −±                                                        (5) 

where tN-1,0.975 is the value of the Student’s t distribution with N-1 degrees of freedom and 95% 
confidence. 
 

If we let 
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X
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be our estimate of the phase angle, we break up the problem into two steps. First, we take the 
ratio 
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and determine the sample standard deviation of the ratio SR from the propagation-of-errors 
method, shown in equation (1), as 
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which is written in a form similar to that of reference [5]. In the next step, we take 

                                                                      ( )R1tan−=φ                                                             (9) 

and determine the sample standard deviation of the Sφ from the POE method as 
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In addition, if we want the expanded uncertainty with 95% confidence, we can easily calculate it 
as 

                                                                    .975.0,1 φφ StN −±                                                       (11) 

 
Tables 1 and 2 list the means and expanded uncertainties of the measured magnitudes and 

phase angles, as described in Equations (5) and (11), for the 20 GHz HPS.  Tables 3 and 4 
contain the corresponding computed values for the 50 GHz HPS.  

 
For a single calibration, the expanded uncertainties in the magnitudes range from 

0.11×10-4 V to 0.23×10-4 V for the 20 GHz device, and from 0.31×10-4 V to 0.56×10-4 for the 50 
GHz device(1). The expanded uncertainties in the phase angles range from 1.75×10-5˚ at 600 MHz 
to 0.62˚ at 18 GHz for the 20 GHz device, and range from 0.52×10-4˚ at 600 MHz to 0.73˚ at 18 
GHz for the 50 GHz device. The reason that the standard deviations in the phase measurements 
are so small at 600 MHz is due to the phase alignment by the commercial system software. The 
calculated expanded uncertainties listed in the tables confirm that the 20 GHz HPS is slightly 
more repeatable in general up to 18 GHz than the 50 GHz device in both magnitude and phase.  
Also, the expanded uncertainties in the magnitudes and phases generally increase as the 
frequency increases for both devices due to the decreasing signal-to-noise ratios rather than 
increasing scattering in the complex plane. 
 

We also compare our measured values to those supplied by the manufacturer of the 
harmonic phase standards. In Tables 5-8, we compute the differences between the means of our 
measured values at each calibration and the manufacturer’s values for both harmonic phase 
standards. Here we see that the differences in phase for both devices are much larger in the first 
calibration, while the differences in magnitudes are relatively constant among all five 
calibrations. Figures 3-5 and 7-8 show the values supplied by the manufacturer along with the 
measured values. We see that our measurements tend to be consistently at the lower end of the 
manufacturer’s values, oftentimes differing by more than one standard deviation from the 
composite mean. One possible reason for this is that the manufacturer’s values for the 20 GHz 
harmonic phase reference, which we used in all five calibrations, were provided to us 
approximately three years ago, and the device’s characteristics may have aged slightly in the 
meantime. Another possible reason may be due to the observed variability among calibrations. 
 

We also carried out a second set of experiments where we performed another five back-
to-back coaxial OSLT calibrations using the 50 GHz HPS this time rather than the 20 GHz HPS, 
and once again made 100 repeated measurements of both harmonic phase standards at each 
calibration. We do not have room to show those results in this paper, but they did repeat the 
behavior and trends of the first set of experiments.  
 
 
 
(1) In our commercial NVNA, the software reports the a and b wave-variable vectors in units of peak-voltage divided 
by 2. This is due to the normalization which gives the wave-voltage equal to a+b and the wave-current equal to 
(a+b)/Zref.   



Table 1. Means and expanded uncertainties of the measured magnitudes for the 20 GHz 
Harmonic Phase Standard. 
 

 
Freq. 

  M ± 1.982SM 
×104 (V) 

  

(GHz) Cal. 1 Cal. 2 Cal. 3 Cal. 4 Cal. 5 
0.6 
3 
6 
9 
12 
15 
18 

48.59 ± 0.15 
4.56 ± 0.11 
3.02 ± 0.11 
1.62 ± 0.12 
0.52 ± 0.14 
0.22 ± 0.17 
0.08 ± 0.20 

48.59 ± 0.15
4.54 ± 0.12
2.92 ± 0.13
1.55 ± 0.12
0.49 ± 0.14
0.19 ± 0.16
0.07 ± 0.21

48.73 ± 0.17
4.55 ± 0.12
2.92 ± 0.12
1.54 ± 0.12
0.48 ± 0.15
0.19 ± 0.19
0.07 ± 0.23

48.76 ± 0.18 
4.55 ± 0.12 
2.93 ± 0.13 
1.54 ± 0.12 
0.48 ± 0.14 
0.19 ± 0.15 
0.07 ± 0.21 

48.68 ± 0.18
4.53 ± 0.11
2.90 ± 0.12
1.51 ± 0.12
0.47 ± 0.16
0.18 ± 0.16
0.06 ± 0.22

 
 
 
 
Table 2. Means and expanded uncertainties of the measured phase angles for the 20 GHz 
Harmonic Phase Standard. 
 

 
Freq. 

  φ ± 1.982Sφ 
(deg.) 

  

(GHz) Cal. 1 Cal. 2 Cal. 3 Cal. 4 Cal. 5 
0.6 
3 
6 
9 
12 
15 
18 

151.88 ± 0.00 
-178.59 ± 0.04 
-168.20 ± 0.08 
-169.95 ± 0.13 
-170.39 ± 0.20 
-162.17 ± 0.25 
-167.29 ± 0.43 

151.88 ± 0.00
-176.72 ± 0.05
-164.06 ± 0.11
-163.31 ± 0.17
-161.79 ± 0.26
-150.82 ± 0.33
-153.59 ± 0.56

151.91 ± 0.00
-176.46 ± 0.05
-163.48 ± 0.11
-162.36 ± 0.17
-160.35 ± 0.27
-149.35 ± 0.30
-151.62 ± 0.56

151.92 ± 0.00 
-176.42 ± 0.06 
-163.45 ± 0.13 
-162.34 ± 0.20 
-160.41 ± 0.29 
-149.35 ± 0.36 
-151.64 ± 0.59 

151.90 ± 0.00
-175.94 ± 0.06
-162.41 ± 0.13
-160.72 ± 0.20
-158.31 ± 0.32
-146.54 ± 0.40
-148.18 ± 0.62

 
 
 
 
Table 3. Means and expanded uncertainties of the measured magnitudes for the 50 GHz 
Harmonic Phase Standard. 
 

 
Freq. 

  M ± 1.982SM 
×104 (V) 

  

(GHz) Cal. 1 Cal. 2 Cal. 3 Cal. 4 Cal. 5 
0.6 
3 
6 
9 
12 
15 
18 

23.48 ± 0.52 
5.41 ± 0.38 
2.60 ± 0.39 
1.23 ± 0.31 
0.36 ± 0.44 
0.46 ± 0.41 
0.30 ± 0.50 

23.48 ± 0.51
5.47 ± 0.37
2.57 ± 0.42
1.17 ± 0.36
0.37 ± 0.45
0.45 ± 0.41
0.30 ± 0.48

23.40 ± 0.51
5.47 ± 0.35
2.56 ± 0.38
1.16 ± 0.38
0.36 ± 0.44
0.44 ± 0.44
0.30 ± 0.51

23.46 ± 0.48 
5.50 ± 0.34 
2.59 ± 0.36 
1.16 ± 0.33 
0.37 ± 0.53 
0.45 ± 0.53 
0.30 ± 0.56 

23.43 ± 0.51
5.48 ± 0.35
2.58 ± 0.40
1.15 ± 0.37
0.37 ± 0.50
0.45 ± 0.43
0.30 ± 0.50



Table 4. Means and expanded uncertainties of the measured phase angles for the 50 GHz 
Harmonic Phase Standard. 
 

 
Freq. 

  φ ± 1.982Sφ 
(deg.) 

  

(GHz) Cal. 1 Cal. 2 Cal. 3 Cal. 4 Cal. 5 
0.6 
3 
6 
9 
12 
15 
18 

180.01 ± 0.00 
56.59 ± 0.07 

-48.80 ± 0.14 
-160.38 ± 0.23 
135.80 ± 0.37 
38.11 ± 0.37 

-51.22 ± 0.55 

180.01 ± 0.00
57.89 ± 0.07

-45.96 ± 0.17
-155.85 ± 0.26
141.68 ± 0.39
45.83 ± 0.40

-41.78 ± 0.57

180.01 ± 0.00
57.93 ± 0.07

-45.90 ± 0.15
-155.72 ± 0.25
141.97 ± 0.46
46.18 ± 0.50

-41.62 ± 0.73

180.01 ± 0.00 
58.22 ± 0.08 

-45.29 ± 0.16 
-154.96 ± 0.27 
142.85 ± 0.43 
47.36 ± 0.45 

-40.04 ± 0.66 

180.01 ± 0.00
58.10 ± 0.06

-45.53 ± 0.13
-155.04 ± 0.23
142.54 ± 0.40
47.30 ± 0.43

-39.80 ± 0.61
 
 
 
 
Table 5. Differences between the means of the measured magnitudes and the manufacturer’s 
values for the 20 GHz Harmonic Phase Standard. 
 

 
Freq. 

  ∆M 
(V) 

  

(GHz) Cal. 1 Cal. 2 Cal. 3 Cal. 4 Cal. 5 
0.6 
3 
6 
9 
12 
15 
18 

-3.61×10-4 
-1.70×10-5 
2.15×10-7 
5.39×10-6 
2.31×10-6 
2.87×10-6 
1.09×10-6 

-3.61×10-4

-1.81×10-5

-8.42×10-6

-1.35×10-6

-9.42×10-7

3.18×10-7

2.41×10-7

-3.47×10-4

-1.80×10-5

-9.68×10-6

-2.39×10-6

-1.66×10-6

-1.01×10-7

9.66×10-8

-3.44×10-4

-1.79×10-5

-8.16×10-6

-2.15×10-6

-1.68×10-6

7.91×10-8

1.25×10-7

-3.52×10-4 
-1.93×10-5 
-1.15×10-5 
-5.24×10-6 
-2.85×10-6 
-5.86×10-7 
-2.08×10-7 

 
 
 
 
Table 6. Differences between the means of the measured phase angles and the manufacturer’s 
values for the 20 GHz Harmonic Phase Standard. 
 

 
Freq. 

  ∆φ 
(deg.) 

  

(GHz) Cal. 1 Cal. 2 Cal. 3 Cal. 4 Cal. 5 
0.6 
3 
6 
9 
12 
15 
18 

0.00
-2.52
-5.58
-8.91

-11.65
-15.05
-18.31

0.00
-0.64
-1.44
-2.27
-3.05
-3.70
-4.61

0.03
-0.39
-0.86
-1.32
-1.61
-1.98
-2.64

0.04
-0.34
-0.82
-1.30
-1.67
-2.24
-2.66

0.02 
0.13 
0.21 
0.31 
0.42 
0.57 
0.79 



Table 7. Differences between the means of the measured magnitudes and the manufacturer’s 
values for the 50 GHz Harmonic Phase Standard. 
 

 
Freq. 

  ∆M 
(V) 

  

(GHz) Cal. 1 Cal. 2 Cal. 3 Cal. 4 Cal. 5 
0.6 
3 
6 
9 
12 
15 
18 

-1.84×10-4 
-5.37×10-5 
-3.08×10-5 
-4.03×10-6 
-5.04×10-6 
-1.15×10-6 
6.54×10-8 

-1.84×10-4

-4.69×10-5

-3.35×10-5

-1.04×10-5

-4.17×10-6

-2.36×10-6

-1.80×10-7

-1.92×10-4

-4.78×10-5

-3.43×10-5

-1.11×10-5

-4.41×10-6

-2.58×10-6

-5.49×10-7

-1.86×10-4

-4.39×10-5

-3.17×10-5

-1.15×10-5

-4.04×10-6

-2.32×10-6

-1.26×10-7

-1.89×10-4 
-4.61×10-5 
-3.25×10-5 
-1.19×10-5 
-4.30×10-6 
-2.55×10-6 
-4.70×10-7 

 
 
 
Table 8. Differences between the means of the measured phase angles and the manufacturer’s 
values for the 50 GHz Harmonic Phase Standard. 
 

 
Freq. 

  ∆φ 
(deg.) 

  

(GHz) Cal. 1 Cal. 2 Cal. 3 Cal. 4 Cal. 5 
0.6 
3 
6 
9 
12 
15 
18 

0.01
-2.29
-3.38
-5.42
-7.14
-8.77

-10.45

0.01
-1.00
-0.53
-0.89
-1.25
-1.05
-1.01

0.01
-0.95
-0.48
-0.76
-0.96
-0.70
-0.85

0.01
-0.67
0.14
0.00

-0.07
0.49
0.73

0.01 
-0.78 
-0.10 
-0.09 
-0.39 
0.42 
0.97 

 
 

IV. WARM-UP DRIFT 
 

As mentioned earlier, we found some evidence of a long time-constant drift within 
individual calibrations, as shown in Figure 6. So, our next experiment was to look more closely 
at this possibility. After one calibration, we made 1000 repeated measurements of the 20 GHz 
HPS with a five-second pause between each measurement. Before starting, however, we set the 
source on to -80 dBm for approximately thirty minutes in an attempt to separate out any possible 
warm-up of the source from that of the HPS. Figure 10 shows the measured phase angles for the 
1000 consecutive measurements. It is obvious that there is considerable drift, with up to a 49.22˚ 
span for the measurements at 18 GHz. By performing calculations on the various curves, we find 
a 1/e time-constant of approximately 500 seconds, which is much longer than the warm-up time 
of 120 seconds set by the manufacturer’s control software and much shorter than the time 
required to reach stability. 
 

We repeated this experiment with the 50 GHz HPS. Figure 11 shows the phase angles for 
the 1000 consecutive measurements. Here, the phase angles at each frequency were shifted so 



they could all be viewed on the same graph. Once again, we see considerable drift, although not 
quite as pronounced as with the 20 GHz HPS. There is a span, however, of up to 34.41˚ for the 
measurements at 18 GHz. And once again, we find a 1/e time-constant of approximately 500 
seconds.  

 
We measured the time-evolution of the port impedance during these experiments and did 

not observe a significant drift. Further, we have not observed a drift of this magnitude in other 
long-term repeatability studies conducting on our system with other types of devices. We submit 
these data as evidence for a long-term time-constant thermal effect in our HPS’s. 
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Figure 10. Phase angles of one-thousand consecutive measurements made every 5 seconds on 
the 20 GHz Harmonic Phase Standard. 
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Figure 11. Shifted phase angles of one-thousand consecutive measurements made every 5 
seconds on the 50 GHz Harmonic Phase Standard. 



V. CONCLUDING REMARKS 
 

In this paper, we presented a repeatability study of commercial harmonic phase standards 
measured by an NVNA. We measured two harmonic phase standards, one of which is specified 
to 20 GHz and the other to 50 GHz. By performing five calibrations and making 100 
measurements at each calibration, we determined the repeatability bounds for the complex wave-
variable vectors and associated phases and magnitudes of each harmonic component by utilizing 
the propagation-of-errors method to compute expanded uncertainties. We found that the 
expanded uncertainties of the magnitudes and phases generally increase as the frequency 
increases for both devices due to the decreasing signal-to-noise ratios. We discovered that the 20 
GHz HPS is slightly more repeatable in general up to 18 GHz than the 50 GHz device. The 
expanded uncertainties of the measured phase angles for a single calibration were no greater than 
0.62˚ for the 20 GHz HPS and no greater than 0.73˚ for the 50 GHz HPS.   
 

We compared our mean values to those supplied by the manufacturer and found our 
measurements to be consistently lower than the manufacturer’s values at the higher frequencies, 
oftentimes differing by more than one standard deviation from the composite mean. Once again, 
a possible reason for this is that the manufacturer’s values for the 20 GHz harmonic phase 
reference, which we used in all five calibrations, were provided to us approximately three years 
ago, and the device’s characteristics may have aged slightly in the meantime. Another possible 
reason may be a long thermal time-constant effect in our harmonic phase standards. 

 
Finally, we studied the possibility of warm-up drift in the two devices. We noticed 

considerable drift as a function of time, with an estimated 1/e time-constant of around 500 
seconds, which is much longer than the warm-up time of 120 seconds set by the manufacturer’s 
control software. 
 
 We should reiterate that in this study we used the commercial system software to align 
the measured signals by adjusting the phase of the fundamental frequency waves so that the 
fundamental was always set to a prescribed value at a specified port. Other, more sophisticated, 
alignment methods may result in different distributions of the measured complex wave-variable 
vectors, which could in turn influence the uncertainties to some degree. On the other hand, these 
different alignment techniques could mask some of the thermal drift we observed. Future work 
will include studying the extent of these effects. 
 

We should also mention that this study complements a previous report by Remley [6], 
where she performed a sensitivity study of the effect of the variation of sampling-circuit 
parameters on the phase error in the nose-to-nose calibration using a SPICE model of the 
sampling circuit. Interestingly enough, contributions from both uncertainties are of roughly the 
same order. With uncertainty values for the nose-to-nose calibration and the repeatability 
bounds, we are closer to estimating an overall phase uncertainty in NVNA measurements, linked 
to the nose-to-nose method. 
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